Abstract: Protein folding is one of the fundamental processes in life and therefore needs to be tightly regulated. Many cellular quality control systems are in place to ensure that proteostasis is optimally adjusted for a changing environment, facilitating protein folding, translocation and degradation. These systems include the molecular chaperones and the major protein degradation systems, namely the ubiquitin proteasome system and autophagy. However, the capacity of the quality control systems can be exhausted and protein misfolding and aggregation, including the formation of amyloids, can occur as a result of ageing, mutations or exogenous influences. There are many known diseases in which protein misfolding and aggregation can be the underlying cause of the pathological condition; these are referred to as proteinopathies. Over the last decade, it has become clear that posttranslational modifications can govern and modulate protein folding, and that aberrant posttranslational modifications can cause or contribute to proteinopathies. This review provides an overview of protein folding and misfolding and the role of the major protein quality control systems. It focusses on different posttranslational modifications and gives examples of how these posttranslational modifications can alter protein folding and cause or accompany proteinopathies.
Introduction
The importance of proteins is underlined by their name, which is derived from the Greek word πρώτειος, meaning 'primary' or 'first'. Folding of individual proteins and the integrity of the whole proteome is crucial to most cellular processes, including cell growth and survival. Mutations, posttranslational modifications and exogenous factors such as thermal stress or artificial compounds can alter the folding and three-dimensional (3D) structure of proteins and therefore their function, resulting in disturbed cellular processes. Cells have developed several mechanisms to protect themselves against protein misfolding, to maintain the balance of protein biogenesis, folding and degradation and to adjust these processes to changing conditions. If protein homeostasis, also named proteostasis, fails, protein misfolding can occur; accumulation of these misfolded proteins into aggregates can culminate in the formation of poorly soluble amyloid or amyloid-like protein aggregates. Protein quality control systems such as the ubiquitin proteasome system (UPS), autophagy or the system of molecular chaperones monitor and control the status of the proteome and ensure that homeostasis is maintained.
It has become increasingly evident in recent years that protein misfolding and proteinopathies which are also termed proteopathies or protein misfolding diseases (PMDs), do not only manifest in well-known neurodegenerative diseases, but also play a role in the initiation and progression of metabolic and neoplastic diseases, including diabetes and haematological malignancies.
Posttranslational modifications (PTMs) are modifications of proteins attached after their biosynthesis and can change protein folding as well as intra-and intermolecular interactions. This review will focus on altered proteostatic conditions, the instability of proteins in response to posttranslational modifications and exogenous influences, including drug treatment that targets molecules in the different protein quality control apparatus and modulate the PTM pattern on proteins. Different proteinopathies are given as examples of how PTMs can affect misfolding and the underlying pathophysiology.
Protein folding, misfolding and aggregation
Protein folding can be defined as a process by which a protein reaches a 3D structure, implying a collapse of the nascent protein chain into a compact structure. Usually, protein folding in living systems, i.e. cells, culminates in a native protein that can fulfil its physiological function. Importantly, proteins can assemble into functional structures and supra-structures, which can be distinguished from protein aggregates. Protein folding is a complex process dependent on many factors, including the length of the protein, number and sub-structure of its domains and presence or absence of intrinsically disordered regions (IDRs). These are inherent determinants in the amino acid sequence of a given protein and therefore in the genome; the seminal experiments by Christian Anfinsen showed that they determine folding and refolding of a protein in vitro (Anfinsen et al., 1961) . However, there are additional determinants and confounders that dictate the folding of proteins in cells. One example of these determinants is the individual space of a given protein, whereby molecular crowding can reduce the degrees of freedom a protein has to fold and move within the 3D space (van den Berg et al., 1999) . Other examples include the different cellular context between and within individuals as well as different expression in various tissues (Arndt et al., 2010; Gidalevitz et al., 2011) . The possibility of misfolding and aggregation of proteins can increase as a result of limited proteostatic capacity in cells with a high protein synthesis rate, for instance in plasma cells. Posttranslational modifications (PTMs) can modulate the protein structure leading to locally alternative conformations and eventually misfolding and aggregation (see section above for more details) (Nussinov et al., 2012) . Native protein conformations often correlate with the most favourable and stable thermodynamic structures under physiological conditions (Dobson and Ellis, 1998; Knowles et al., 2014) . One would assume that due to the high absolute number of possible conformations of a protein, folding and assembly may take a very long time; however, once translated, proteins fold spontaneously within a diffusional search on a free energy surface (Knowles et al., 2014) . Weak interactions that occur progressively during folding can restrict the available conformational space and therefore the degrees of freedom.
The restrictions of the available conformational space can eliminate certain off-pathway possibilities and explain to some extent the Levinthal paradox (Levinthal, 1969; Rooman et al., 2002) . The fact that high kinetic barriers may have to be crossed at this point allows partially folded states to occur, implying that the free energy surface is 'rugged' (Jahn and Radford, 2005) . The partially folded polypeptide chain and accompanying fluctuations in its conformation also facilitate interactions from linear further distant amino acid residues and establish contacts. The hydrophobic effect can be seen as a driving force for a protein to collapse and fold in an aqueous cellular environment. A number of further difficulties occur during these processes in the cells: many proteins, especially those with a globular structure, contain IDRs and lack a final 3D structure. That could be a permanent feature of a protein; however, a protein may only contain IDRs when it is not associated with its specific molecular target (Uversky and Dunker, 2010; Wright and Dyson, 2015) . Proteins were evolutionary selected to have a low aggregation propensity, for instance, they usually have a low proportion of hydrophobic amino acid residues, a high net charge and higher frequencies of proline residues (Lise and Jones, 2005; Uemura et al., 2018) . In fact, other studies have shown that alternating patterns of hydrophilic and hydrophobic amino acid residues were avoided during evolution, whenever possible. An in silico analysis of 250 514 protein sequences (79 708 024 residues) for many possible binary patterns of polar and non-polar amino acid residues revealed that alternating patterns occur significantly less often than other patterns with similar compositions (Broome and Hecht, 2000) .
Different opinions can be found in the literature about what it actually means when a protein is misfolded. The prefix 'mis-' means something is bad, wrong or erroneous. This would be a subjective criterion for the state of a protein, as sometimes proteins are not in the native state and may be beneficial for the cell (e.g. proteins with IDRs), depending on the circumstances or interactors. Beyond the structural aspect which is associated with the term 'misfolded', the physiological and functional aspect is also important. A narrower definition of protein misfolding would be 'a structurally aberrant state with no physiological function'. Protein misfolding can lead to aggregation, the accumulation of two or more misfolded proteins that interact in a non-functional manner. The protein aggregates are usually held together with non-covalent bonds, meaning that the aggregation process is in theory reversible. However, certain highly organised aggregated structures, the amyloid fibres, have a very low free energy and are thermodynamically extremely stable.
Further difficulties can occur in cells compared to proteins solubilised in a test tube. For instance, the interaction with binding partners, for which the proteins have to obtain a certain flexibility, decreases their thermodynamic stability. Additional complexity is added to the process in that nascent chains are emerging in vivo, which can only be partially folded. Nascent chains emerge in approximately 15-74 s for a 300 amino acid-containing protein in eukaryotes, but cannot completely fold into the 3D structure, only secondary structure elements can be folded (Etchells and Hartl, 2004; Lu and Deutsch, 2005) . These nascent polypeptide chains expose hydrophobic amino acid residues which are usually buried inside a protein and build its core, with possible intra-but also intermolecular hydrophobic interactions that facilitate misfolding and aggregation. Nascent chains, which can occur in close proximity to each other on polysomes, are in danger of interacting due to their exposed hydrophobic residues. A study of the spatial alignment of polysomes revealed a staggered organization of ribosomes along the mRNA and gives a good example how disfavoured interaction could be avoided in cells (Brandt et al., 2009) . In a similar vein, the folding efficiency of multidomain proteins can be severely perturbed by alterations in ribosome-mediated translational attenuation (Zhang et al., 2009) . In fact, it is assumed that cotranslational folding is limited by the speed of the gradual extrusion of the nascent peptide which imposes conformational restraints on the emerging protein (Zhang and Ignatova, 2011) . In order to facilitate protein folding in this crucial time of emerging from the ribosome, molecular chaperones can interact with the nascent chains and prevent protein misfolding (Deuerling and Bukau, 2004) , see also the section 'Protective mechanisms and quality control' and Figure  2 . In addition, damage of proteins, for instance, by high energy radiation and oxidative stress can alter protein folding or refolding (Cao et al., 2014) . Consequently, changing of PTMs via endogenous pathways or forced via exogenous influences can lead to different protein folds, some that are beneficial and are part of the functional spectrum of proteins, and some that are devastating and kill the biological function.
Similar to the term 'misfolding', 'aggregation' can have different meanings in the context of proteins and different definitions are in use. Derived from the Latin word 'aggregare', it means 'to add on'. Protein aggregation means the accumulation or clumping of misfolded proteins and can occur intracellularly or extracellularly in organisms.
However, there are cases were functional aggregates are being built (Chiti and Dobson, 2006; Jackson and Hewitt, 2017) . Cellular aggregates often consist of one protein species, with inclusions of other aggregation-prone molecules (Olzscha et al., 2011) . Different species of aggregates can emerge over time, depending on the specific protein, the histological context, exogenous factors and the age of the organism. Generally, it can be distinguished between three different types of aggregates, the oligomers, amorphous aggregates and amyloid aggregates. It is very common that the process of aggregation leads to the formation of amorphous structures, and often oligomeric species can precede the formation of these structures (Hong et al., 2011) . Aggregation can also culminate in the formation of highly ordered structures, the amyloid fibrils. The term 'amyloid' means 'starch-like' as it shows a reaction with Lugol's iodine similar to starch and was coined by the German botanist Matthias Schleiden in a biological context in 1838. Rudolph Virchow integrated it in the medical terminology in 1854, assuming that cerebral corpora amylacea could be considered identical to starch (Kyle, 2001; Buxbaum and Linke, 2012) .
Many, if not all, proteins can form amyloid structures under appropriate conditions. In a physiological milieu, only some proteins form amyloid fibrils. A common structural element, and still the gold standard to determine whether a biological compound is amyloid or not, are β-strands running perpendicular to the fibril axis seen as the cross-β pattern obtained in X-ray fibre diffraction (Sunde et al., 1997; Eisenberg and Jucker, 2012; Fitzpatrick et al., 2013) . Further characteristics of amyloid are the typical fibrillary morphology seen in electron microscopy, the affinity for certain diagnostic dyes such as Congo red, already used by Virchow, display of a characteristic apple-green birefringence in polarised light and a remarkable stability against degradation and solubilisation in detergents.
Unlike the native state of a protein, which is stabilised by intramolecular interactions, amyloid forming proteins are dominated by intermolecular interactions, especially when the concentration increases. Those proteins that are supersaturated with high cellular concentration relative to their solubility are most likely to aggregate and a metastable sub-proteome can be formed, ready to initiate aggregation when cellular conditions change (Ciryam et al., 2013) . There are also cases known, where early aggregates can build distinct structures, including defined annular structures (Lashuel et al., 2002) . Many hypotheses have been proposed to explain the cytotoxicity of protein aggregation (Figure 1 ) (Lahortiga and Cox, 2018) , not necessarily excluding each other. Besides the loss of function of an aggregating protein, other hypotheses include the formation of pores (Lasagna-Reeves et al., 2011) , sequestration of other proteins into aggregates (Olzscha et al., 2011) , impeding nuclear transport (Woerner et al., 2016) , impairment of important quality control mechanisms (Bence et al., 2001 ) and immunological reactions against misfolded proteins (Halle et al., 2008) . Interestingly, the proteins which form amyloid structures under physiological conditions, do not have many structural features in common. Sections below provide insight into some diseases associated with aggregation and the underlying mechanisms of protein misfolding.
Protective mechanisms and protein quality control
Organisms have developed a variety of mechanisms to encounter protein misfolding and aggregation and to ensure that proteostasis, a portmanteau of the words protein and homeostasis, is maintained. Proteostasis is the control, regulation and maintenance of concentration, conformation, localisation and interactions of individual proteins within all proteins, the proteome. Organisms and cells can thereby alter the proteome and can even reset the marks of proteostasis in that the physiological targets are met. Therefore, proteostasis influences specific cellular functions and enables differentiated cells and tissues to adapt to physiological changes, environmental changes or ageing. Accordingly, protein quality control mechanisms and systems ensure that the quality of proteins is monitored and maintained (Balch et al., 2008; Balchin et al., 2016) . Protein synthesis, folding, PTMs, localisation, transport and degradation can be modulated, and protein quality control systems can interfere with these crucial steps in the life of a protein. Despite the fact that protein sequences were selected against misfolding and aggregation during evolution (see also section above) (Broome and Hecht, 2000; Chiti et al., 2003; Pawar et al., 2005) , they may occur in extreme environments, in the presence of mutations or during ageing. Cells have developed different lines of defence to counteract the inherent tendency of proteins to aggregate. An overview of the different systems and how they are connected to each other is given in Figure 2 . 
Molecular chaperones
A first line of defence are the molecular chaperones (Akerfelt et al., 2010; Buchberger et al., 2010; Hartl et al., 2011) . The term 'molecular chaperone' was coined in 1978 in the biological context by Ron Laskey to describe nucleoplasmin which binds histones due to its negative charge (Laskey et al., 1978) . The term was extended to proteins that enable the correct folding and assembly of other proteins in 1987 (Ellis, 1987) . Similar proteins also augment folding and assembly in prokaryotes and eukaryotes (Hemmingsen et al., 1988; Ostermann et al., 1989) . A protein can be defined as a molecular chaperone, if it can interact with non-native proteins, stabilises them or helps them to reach their native conformation, without being present in their final native structure (Hartl and Hayer-Hartl, 2009 ). Molecular chaperones as proteins are to be distinguished from chemical chaperones, naturally occurring or synthetic small non-proteinogenic molecules, which can also facilitate folding of proteins as well. Chaperones do not contain specific steric information for their respective proteins to fold; however, they prevent unproductive interactions and allow the protein to fold with a higher efficiency into its native structure. They are therefore to be distinguished from folding enzymes, e.g. the peptidyl-prolyl-cis-trans isomerases or protein disulphide isomerases, catalysing covalent bonds (Lang and Schmid, 1988) .
It has been demonstrated that Hsp70 chaperones can bind the hydrophobic stretches of many unfolded proteins, whereas the native proteins were not bound. The substrates consisted of a core of amino acids enriched with hydrophobic residues, flanked on both sides by a region with positively charged residues (Rudiger et al., 1997) . As mentioned, high temperatures or other environmental changes can force proteins to misfold. However, cells are able to induce a heat shock response (HSR), upregulating protective proteins, especially heat shock proteins. Often, but not always, these heat shock proteins are molecular chaperones and vice versa. Molecular chaperones help proteins to fold, prevent misfolding and aggregation, direct damaged and misfolded proteins to Molecular chaperones help nascent proteins and unfolded proteins to fold and reach their native structure. Proteins can misfold under certain circumstances, e.g. in a changing environment, due to mutations or aberrant PTMs. These misfolded species can form disordered aggregates, but also prefibrillar species and/or oligomers; misfolding can culminate in the formation of highly ordered amyloid aggregates. The ubiquitin proteasome system (UPS) and autophagosomes can degrade misfolded proteins and aggregates. If, however, the protein quality control systems fail, misfolded species will accumulate, and cells will eventually undergo apoptosis. Green arrows indicate beneficial events where protein quality control can help to restore proteostasis, red arrows mark deleterious events for the cell. It is debatable, whether the formation of aggregates out of oligomers and prefibrillar species is beneficial for cells.
the degradation machineries, which are described below, and can sometimes solubilise denatured, misfolded and aggregated proteins. The potential for the induction of the HSR is decreasing with ageing, thus supporting the hypothesis that many proteinopathies manifest with increased age (Hinault et al., 2006; Spurrier et al., 2018) . Molecular chaperones do not only occur in the cytoplasm, they are also present and acting in other compartments in the cell, including the nucleus, the ER and mitochondria (Daugaard et al., 2007; Ryan and Hoogenraad, 2007; Tabas and Ron, 2011) . Molecular chaperones also play a role in folding and refolding of proteins accessing different cellular compartments, assembly of oligomeric complexes and in shuttling and binding of other proteins and hormones to their receptors (Cheng et al., 1989; Ostermann et al., 1989; Vembar and Brodsky, 2008) .
In summary, molecular chaperones are the most important cellular proteins acting against protein misfolding and aggregation. They are embedded in a highly organised network with partly pleiotropic activities to ensure an almost complete coverage of the proteome.
The ubiquitin proteasome system
There is a close connection between the network of molecular chaperones and the ubiquitin proteasome system (UPS), a central system in eukaryotic cells which degrades proteins and cleaves them into oligomeric peptides. The UPS represents another central line of defence against protein misfolding and aggregation, as these aberrantly folded proteins can be recognised and shuttled to the UPS (Ross and Pickart, 2004) . Protein degradation has some important functions in protein quality control. Firstly, proteins of mutated genes, misfolded for instance via aberrant post translational modifications or during heat stress, are rapidly removed. It might be that this second line of defence after the molecular chaperones is necessary, because their capacity is reached and/ or they cannot be enriched fast enough during an HSR. Furthermore, the controlled balance of synthesis and degradation of proteins which are in their native state enables rapid changes in protein levels, for instance, in response to environmental changes and amino acid supply. The third important function of proteasomal degradation is the production of oligomeric peptides which are presented in nearly all nucleated human cells at their surface on the major histocompatibility complex I (MHC I). Interestingly, defective ribosome products (DRiPs), which include incomplete nascent chain products due to premature translation termination or failure to fold properly or to assemble into their multi-subunit protein complexes, are rapidly degraded and may change the pattern of MHC I presentation (Bourdetsky et al., 2014) . Components of the UPS are very often detected in aggregates and inclusion bodies, as well as ubiquitination of the aggregating proteins (Sherman and Goldberg, 2001 ). The signal which targets most proteins for degradation by the proteasome consists of a polyubiquitin chain, a posttranslational modification itself. As the name implies, ubiquitin is a ubiquitously occurring protein in eukaryotic cells, very conserved and only 8.5 kDa in size (VijayKumar et al., 1987) . It is ligated to specific lysine residues on target proteins and can be bound in different ways, including monoubiquitin and polyubiquitin in its various forms such as mixed and branched ubiquitin chains (Komander and Rape, 2012) .
The highly regulated process of ubiquitination usually encompasses three steps with three types of involved enzymes: activation of ubiquitin with ATP by the ubiquitin-activating enzymes E1, conjugating to the ubiquitin conjugating enzymes E2 and finally transferring on to the substrate proteins via the E3 ligases (Pickart, 2001; Vilchez et al., 2014) . Ubiquitin is covalently attached to substrate proteins through K48 residues, but linkage can also occur on cysteine or methionine residues. There are more than 600 putative E3 ligases detected in humans so far, adding to the complexity of the UPS and ensuring the coverage of the human proteome (Li et al., 2008) . As mentioned already, there are different adapter proteins involved in the recognition of misfolded proteins, and the E3 ligase carboxyl terminus of Hsc70 interacting protein (CHIP) plays a very central role. It has been shown that CHIP ubiquitinates misfolded Hsp70 and Hsp90 client proteins and targets them for degradation as well as facilitates aggresome formation (Ballinger et al., 1999; Connell et al., 2001) . Therefore, it can be seen as a link between the UPS and the system of molecular chaperones (Zhang and Qian, 2011) . The polyubiquitinated proteins are then recognised by the proteasome and degraded. The barrel shaped complex of the 20S proteasome (S for Svedberg units) binds to 19S regulatory caps and together they form the 26S holo-proteasome. The 19S caps, themselves consisting of several subunits, can recognise ubiquitinated proteins, unfold them and thread them into the 20S core, where they are cleaved into oligomers (Ciehanover et al., 1978) . Ubiquitin is recycled from the to-be-degraded proteins by deubiquinating enzymes (DUBs) in order to re-fill the pool of ubiquitin in cells again without actually synthesising it and can be regulated by PTMs (Kessler and Edelmann, 2011) . Proteasomes reside both in the cytoplasm and in the nucleus, and proteins from the endoplasmic reticulum (ER) which are targeted for degradation are retro-translocated towards the cytosolic compartment, where they are degraded. This pathway plays an important role in removing and destroying misfolded proteins in the ER. It is assumed that one third of all proteins make their way to their final destination via the ER and Golgi apparatus, so there needs to be a system in place which can recognise misfolded proteins and refold or degrade them. The response to a heavy load of protein misfolding in the ER is named the unfolded protein response (UPR). Similar to the processes in the cytoplasm, ER resident molecular chaperones are upregulated, and misfolded proteins are targeted for ER-associated degradation (ERAD) (Buchberger et al., 2010; Smith et al., 2011) .
Autophagy
Despite the mentioned cellular systems in place to remove misfolded proteins and maintain proteostasis, it may be that misfolded species may still begin to aggregate and cannot be removed by chaperones or the UPS. In this case, a third and equally important process, autophagy, can take over. Autophagy or autophagocytosis means 'selfeating' and describes a process in which cells degrade their own components or even organelles in membrane coated vesicles (Tsukada and Ohsumi, 1993; Klionsky, 2008; Nikoletopoulou et al., 2015) .
There are at least three different types of autophagy known, macroautophagy, microautophagy and chaperone-mediated autophagy (CMA) (Cuervo, 2004; Mizushima and Klionsky, 2007) . Microautophagy represents the basal lysosomal degradation, constitutively degrading substrates by direct engulfment of lysosomal membranes (Mortimore et al., 1988) . In contrast, macroautophagy and CMA can be modulated by exogenous influences, including heat stress and accumulation of misfolded proteins. Macroautophagy is not only the main autophagic process to degrade protein aggregates, but is also active in destroying damaged cell organelles such as mitochondria ('mitophagy') or unused proteins (Levine et al., 2011) . Cytosolic components or organelles are sequestered by double membrane vesicles, the autophagosomes during macroautophagy (Mizushima et al., 2001 ). These vesicles are marked for fusion with lysosomes, which provide the autophagosomes their hydrolases to degrade the engulfed proteins (Homma et al., 2011) . Macroautophagy is a highly regulated process (Behrends et al., 2010) and can be manipulated via the mTOR pathway (Saxton and Sabatini, 2017) . mTOR stands for 'mammalian target of rapamycin' and indicates already the route of possible manipulation. It is a sensor for nutrients and cellular energy and can repress macroautophagy when the organism is well supplied with nutrients (Meijer and Codogno, 2004 ). In contrast, CMA is a more selective autophagocytic process and can selectively degrade soluble cytosolic proteins (Dice, 2007) . Proteins to be degraded via CMA can be directly imported into the lysosomal lumen. Chaperones such as the hsc70 complex can recognise a specific pentapeptide motif, often KFERQ, of the substrate protein and a complex consisting a CMA/substrate/chaperone complex is formed. The protein is routed for degradation traffic to the lysosomal membrane and is translocated with augmentation by LAMP2A into the lysosomal lumen (Yamamoto and Yue, 2014) .
In summary, cells have developed very sophisticated defence mechanisms against protein misfolding and aggregation. Molecular chaperones recognise them in a first attempt to remove these species and to refold them. If this is not entirely possible, the proteins are degraded via the UPS. If there is a barrier as well or if the UPS is impaired or the UPS capacity insufficient, the aggregated misfolded proteins can be removed via autophagy. If there is excessive material accumulated in the cell, the aggregates are translocated to specific sites and stored in a 'heap', where the harm to the cell is minimised. The misfolded proteins are often targeted to the centrosome or near the centrioles in mammalian cells. Specific machineries, including microtubules and histone deacetylase 6 (Kawaguchi et al., 2003; New et al., 2012) , can shuttle the misfolded proteins in a retrograde transport to this central location. Being in an amorphic shape, these central locations with the aggregated material are often referred to as 'aggresomes' (Johnston et al., 1998) . Lewy bodies, which are a pathological hallmark in Parkinson's disease (PD), resemble these structures and contain aggresome-specific marker proteins, e.g. tubulin and pericentrin, but also ubiquitin and other components of the UPS and autophagy (Olanow et al., 2004) . Lewy bodies and aggresomes in general could therefore represent the endpoint of the misfolding and aggregation. One hypothesis suggests that the formation of the aggresomes reduce the toxic effect of the misfolded species (Arrasate et al., 2004) . On the other hand, it is known that essential proteins can be sequestered in the aggregates and they could in this way contribute to the observed cytotoxicity (Olzscha et al., 2011) , besides the physical barriers which the cell is facing. If cells are irreparably damaged and essential cellular functions are collapsing due to overwhelming protein misfolding, apoptosis is initiated to protect surrounding cells and tissue (Hickey and Chesselet, 2003) .
Posttranslational modifications
As the name suggests, PTMs are alterations of proteins occurring after their synthesis on ribosomes. However, it has been demonstrated that proteins can also be cotranslationally modified; examples are N-acetylation of N-termini after cleavage of the first amino acid M (Utsumi et al., 2001) . Protein folding occurs cotranslationally without PTMs in place, very often proteins fold and then have to be modified in order to reach their final structure and become biologically active. Therefore, PTMs can be crucial for protein folding and activation and proteins can be subject to a tremendous range of posttranslational modifications. The plethora of PTMs can be categorised into structural changes of the backbone protein including proteolysis and proteolytic cleavage of substrates, racemisation and protein splicing (see Figure 3 ). Many PTMs are irreversible, e.g. the cleavage of proinsulin results in the mature insulin. Chemical modification of proteins can also lead to irreversible PTMs; an example would be the conversion of arginine to citrulline residues in proteins (Smith and Denu, 2009 ). On the contrary, there are the reversible PTMs. In these cases, various molecules are covalently bound to proteins and can be removed. They can be further divided into inorganic groups such as phosphate, hydroxyl or sulfate groups, and in organic groups, such as methyl, acetyl, or glycosyl groups. Even more complex peptides or proteins can be reversibly added to other proteins, including ubiquitin or small ubiquitin-related modifiers (SUMO). In most cases, the so-called 'writers' add the PTM to the substrate protein, 'erasers' can remove them and 'readers' can recognise the PTM and exert a physiological response (Figure 4 , Lahortiga and Cox, 2018) . It has become clear over the recent years that PTMs of an individual protein are often functionally connected to other PTMs present on this protein and depend upon each other (Duan and Walther, 2015) .
Arguably, protein folding can be seen as a steric posttranslational modification that forces proteins to fold in another structure than the native structure and changing its biological function. Under a well-balanced proteostasis this may not often be the case; however, when it comes to protein misfolding, this concept can be expanded. Extreme examples would be prion proteins ( Aguzzi et al., 2008) . Prions are proteins which can occur in cells both in physiologic or 'normal' structures, and in pathogenic or 'toxic' conformations. The word 'prion' is a portmanteau of the words proteinaceous and infectious (Prusiner, 1982) . Misfolded prion proteins in the pathogenic conformation can transfer this conformation to prions in their physiological conformation. They are therefore in a wider sense posttranslationally be modified in that they are forced to obtain another structure. A common theme throughout PTMs is the addition of the modifications by 'writers', shown in yellow; the removal of the modifications by 'erasers', if the process is reversible, indicated by a scissor; and the reading of the modification by recognising proteins, the 'readers', shown in green. The protein with the PTM is shown in grey and a PTM itself is depicted as a red sphere. Table 1 provides examples of writers, erasers and readers for specific PTMs and which amino acid residues can be affected. 
Implication of PTMs on protein folding and proteinopathies
Posttranslational modifications can alter the folding and structure of proteins and thus modify their biochemical activity. It is therefore possible that posttranslational modifications can lead to dysfunction of proteins and contribute to unfolding or misfolding. A prominent example is the protein Tau in Alzheimer's disease (AD). It is well established that this protein becomes hyperphosphorylated with progressing disease and forms characteristic intracellular neurofibrillary tangles . On the other hand, protein misfolding itself can lead to altered posttranslational modification, especially when crucial enzymes are involved. An example of this scenario is the enzyme superoxide dismutase 1 (SOD1). This enzyme catalyses the dismutation of the superoxide (O 2 − ) radical into oxygen (O 2 ) or hydrogen peroxide (H 2 O 2 ). If the enzyme is lacking due to a mutation and aggregating (loss of function) as in amyotrophic lateral sclerosis (ALS), there can be an accumulation of reactive oxygen species (ROS), leading to uncontrolled formation of PTMs and cell death (Deng et al., 1993) . Whether the aggregation of SOD itself and the concomitant toxic species or the ROS are causal in the pathophysiology of the disease needs to be confirmed. Protein oxidation has other profound effects on protein folding and misfolding. For instance, methionine oxidation has been detected in misfolded PrP Sc to destabilise the native PrP C fold as an early event in the conversion pathway (Elmallah et al., 2013) . Similarly, tyrosine residues of α-synuclein are required for aggregation upon oxidative stress (Olteanu and Pielak, 2004) .
Aberrant PTMs of a protein causing protein misfolding can directly lead to its dysfunction, as seen in Tau. However, indirect effects on protein quality control systems in cells can also lead to protein misfolding, aggregation and proteinopathies. As described above, protein aggregation does not necessarily mean that amyloid fibrils are present. However, there are examples where PTMs can affect the formation of amyloid species in cells. Examples and classifications of these different scenarios are provided in the following sections and examples of writers, erasers, readers and associated proteinopathies are provided in Table 1 .
Phosphorylation
A well-known example in which a PTM modifies a protein to adopt an unfolded state with subsequent aggregation, is the already mentioned phosphorylation of Tau in AD. These heat-stable proteins stabilise microtubules (Weingarten et al., 1975) , but it has also become apparent that Tau proteins are intrinsically disordered (Zhu et al., 2015) . Tau proteins form intracellular insoluble amyloids, which are referred to as neurofibrillary tangles, demarcating them from Aβ aggregates in AD. One hypothesis suggests that Tau aggregation is a consequence of Aβ aggregation and that hyperphosphorylation of Tau often precedes the formation of neurofibrillary tangles. The six Tau isoforms detected in humans so far can bind as positively charged proteins to the negatively charged microtubules. There are 79 potential phosphorylation binding sites on the longest Tau isoform, and on average 30 phosphoryl residues are present in the disease-unaffected Tau in human brains (Billingsley and Kincaid, 1997) . Hyperphosphorylated Tau can aggregate in proteinopathies, commonly known as tauopathies, with AD as the most prominent one.
Given that many residues have to be phosphorylated, one would assume that hyperphosphorylation of Tau changes the charge of the protein tremendously, falling apart from the negatively charged microtubules. However, as Tau contains IDRs, it turned out to be very challenging to analyse the structural changes. It also remains unclear whether the observed changes are cause or consequence of Tau aggregation, a physiological response to preceding Aβ aggregation and/or part of a protective quality control mechanism (Engel et al., 2006; Mondragon-Rodriguez et al., 2014) . Authors of a study carried out in 2015 using time-resolved electrospray ionization mass spectrometry (TRESI-MS) and hydrogen/ deuterium exchange (HDX) to shed light on these problems came to the conclusion that the structural changes observed in Tau correlate with increasing amyloidogenic propensity upon hyperphosphorylation by glycogen synthase kinase 3 (GSK-3β) and are therefore causative events in Tau amyloidogenesis (Zhu et al., 2015) . The removal of cells with hyperphosphorylated Tau protein in a Tau-dependent neurodegenerative disease MAPT-P301S PS19 mouse model prevented degeneration of cortical and hippocampal neurons, thus preserving cognitive function (Bussian et al., 2018) .
Interestingly, the peptide Aβ, if equally involved in AD, may precede aggregation of Tau and can be modified by phosphorylation during apoptosis (Sodhi et al., 2008) . It has been demonstrated that phosphorylation on T668 (APP 695) increases apoptosis. In accordance with these results, specific extracellular signal regulated kinase (ERK) inhibition upon induction of apoptosis resulted in downregulation of amyloid precursor protein (APP) phosphorylation at T668 and decreased Aβ secretion response.
Ubiquitination
Ubiquitination plays an important role in protein quality control as part of the UPS and autophagy, as explained in the sections above. It has becoming increasingly apparent that ubiquitin is directly or indirectly involved in most of the degradation processes occurring in proteinopathies, either via the UPS or autophagy. A prominent example in which ubiquitin accompanies protein misfolding of a defined protein during progression of a proteinopathy, is α-synuclein found in Lewy bodies in PD, in dementia with Lewy bodies or in multiple system atrophy, the socalled synucleinopathies (Spillantini et al., 1997) . The name 'α-synuclein' is again a portmanteau, in this case of the words 'synapsis' and 'nuclein', indicating that it is a nuclear protein in synaptic cells (Maroteaux et al., 1988) . Depending on the isoforms generated by alternative splicing, α-synuclein is a small 11-14 kDa protein with uncertain function; however, some reports suggests that it is involved in stabilising the intracellular cytoskeleton, vesicle trafficking and fusion (Cooper et al., 2006; Burre et al., 2010) . Lewy bodies are intracytoplasmic inclusions with a core of granular and filamentous material surrounded by radially filaments (Forno, 1996) . Evidence for the ubiquitination of α -synuclein was given in a study about sporadic Lewy body diseases. The 22-24 kDa species were not only found to be phosphorylated, but also ubiquitinated with one, two and/or three ubiquitins, rather than polyubiquitin (Tofaris et al., 2003) . In line with this observation, the authors did not provide evidence for a generalised impairment of the UPS in brain regions with Lewy body pathology, arguing for the hypothesis that autophagy is a key event in the processing of misfolded material in PD (Pan et al., 2008) . On the other hand, there are many reports about the contribution of the UPS in α-synuclein degradation and how UPS impairment may increase the detrimental aggregation of the protein (McNaught et al., 2002) . In the end, these contrary observations may be site and time specific, and dependent on how far the disease of the patient has progressed. It could be hypothesised (as stated in the section 'autophagy') that autophagy is upregulated after the capacity of the UPS has been reached and takes on the often impossible task to degrade the large aggregates in aggresomes. In both scenarios, ubiquitin would be attached to target the substrates for degradation. As ubiquitin is very abundant in Lewy bodies, it was used for some years to indirectly determine the presence of Lewy bodies in synucleinopathies before better antibodies against α-synuclein were developed (Beach et al., 2009) .
A recent study linked the effects of several PTMs on the fate of Tau. A novel HDAC inhibitor, MPT0G211, was tested and resulting HDAC6 inhibition resulted in an increase in acetylated Hsp90, leading to decreased Hsp90 and ultimately causing ubiquitination of phosphorylated Tau. These effects correlated with ameliorated learning and memory impairment (Fan et al., 2018) .
Acetylation
Acetylation is one of the most abundant modifications on proteins; in fact, there are more than 6000 proteins known in humans which can be acetylated (Choudhary et al., 2009; Xu et al., 2017) . The percentage of acetylated proteins is even higher in bacteria; for instance, more than about 90% of the enzymes of central metabolism in S. enterica were found to be acetylated (Wang et al., 2010) . Protein acetylation is one example where the modification can be added cotranslationally and posttranslationally. Protein acetylation can be divided into N-terminal acetylation and lysine acetylation. N-terminal acetyl residues are usually already cotranslationally added and up to 85% of the eukaryotic proteome is N-terminally acetylated, illustrating the importance of this protein modification (Van Damme et al., 2011) . Lysine acetylation can be executed cotranslationally and posttranslationally by histone acetyltransferases. The names 'histone acetyltransferases' and 'histone deacetylases' for the erasers of acetylation have historical reasons and it is now known that both histones and various other proteins can be acetylated and deacetylated (New et al., 2012; Olzscha et al., 2016) . Type A histone acetyltransferases are located in the nucleus, whereas type Bs resides in the cytoplasm, implying that a substantial amount of acetylation is posttranslationally added. The number and localisation of the histone deacetylases is even more complex. Including the sirtuins, there are 18 histone deacetylases in the human proteome with different specificities and localisations in the nucleus and cytoplasm (Olzscha et al., 2015) . Lysine is a positively charged amino acid and acetylation neutralises this charge. This might be one reason why lysine acetylation of histones relaxes chromatin, contributes to epigenetic changes and regulates transcription, as the DNA becomes less compact.
Besides the epigenetic aspects of lysine acetylation, the changes in charge can also affect the structure of proteins and therefore the folding. Some examples how protein acetylation can influence protein folding, misfolding and the surveilling protein quality control systems are given below.
Several studies have shown the connection between the UPS and autophagy. As mentioned in the section above, ubiquitin plays an important role in the degradation of proteins via the proteasome and autophagy. However, it has been demonstrated how protein acetylation links the two eminent protein quality control systems UPS and autophagy. New et al. demonstrated in 2013 that the histone deacetylase 6 (HDAC6), an HDAC resident in the cytosol, can downregulate HR23B. HR23B belongs to the group of proteasomal shuttling factors that are able to bind ubiquitinated species via its ubiquitin-binding domain (UbA) and facilitate their delivery to the proteasome (Hiyama et al., 1999) . HR23B is also a sensitivity determinant to HDAC inhibitors, for instance, to the pan-HDAC inhibitor vorinostat. Co-IP experiments with different deletion mutants of both HDAC6 and HR23B showed that they can interact via the UbA and HDAC6 BUZ domain, which can bind ubiquitinated species as well and is involved in targeting them along microtubules towards the location of aggresomes as mentioned above. As a result, HR23B and HDAC6 link the formation of aggresomes and autophagy with the UPS (Figure 5 ).
HDAC inhibitors can be causative in forcing cells expressing high levels of HR23B into apoptosis, whereas in cells with lower expression, HDAC inhibitor treatment is frequently correlated with autophagy. The responsible mechanism involves the interaction of HDAC6 with HR23B, which downregulates HR23B and therefore decreases the amount of ubiquitinated substrates targeted to the proteasome, eventually desensitising cells to apoptosis. Importantly, the ability of HDAC6 to downregulate HR23B functions independently of its deacetylase activity. An analysis of the HDAC6 interactome identified HSP90 as a key effector of HDAC6 on HR23B levels. These results define a regulatory mechanism that involves the interplay between HR23B and HDAC6 that influences the biological outcome of HDAC inhibitor treatment and the two major degradation systems in cells (Figure 6 ).
An example where acetylation plays a crucial role in protein folding and neurodegenerative disease is again the above-mentioned protein Tau. The most commonly described change in its phosphorylation state is from 'euphosphorylation' to 'hyperphosphorylation'. According to the amyloid-cascade hypothesis as described above in the section 'phosphorylation', it is assumed that extracellular aggregation of Aβ leads to posttranslational and Interplay between three major protein quality control systems. Molecular chaperones, the UPS and the components of autophagy do not act independently of each other and usually react to protein misfolding in a concerted action. Molecular chaperones (yellow) can recognise unfolded proteins and aggregates (dark red) and refold them or prevent misfolding. HR23B (dark blue) is a proteasome shuttling factor which can facilitate protein degradation of ubiquitinated proteins. HDAC6 (orange) plays a similar role for the formation of aggresomes and in autophagy. HDAC6 can bind HR23B via its BUZ domain and can regulate the molecular chaperone Hsp90 via acetylation. Hsp90 can interfere with HR23B mediated protein degradation and initiate a feedback loop .
conformational changes of tau. However, acetylation of Tau at K174 changes tau homeostasis and toxicity, as well as the pathological state in soluble Tau (Min et al., 2015) . It is believed that p300 plays a pivotal role in acetylating the K174 Tau residue.
Another recent study using novel semi-synthetic strategies for a site-specific introduction of PTMs demonstrated that acetylation at K280 significantly enhances the aggregation rate of Tau and impairs microtubule assembly. In addition, the acetylated Tau formed mainly globular oligomers and short fibrils in line with enhanced aggregation propensity and pathogenicity in animal models of AD, leading to the assumption that this modified Tau might enhance the seeding capacity or formation of toxic Tau species (Haj-Yahya and Lashuel, 2018) .
The important role of the histone acetyltransferase p300 was underlined by a more recent global study investigating the effect of protein hyperacetylation on misfolding and aggregation (Olzscha et al., 2017) . Interestingly, p300 is not only a transcription activator and histone acetyltransferase, it also contains a bromodomain. Bromodomain containing proteins are the readers of lysine acetylation, and p300 and the similar CREB binding protein (CBP) can bind acetylated proteins, facilitating further acetylation. Hyperacetylation of proteins induced by pan-HDAC inhibitors in clinically relevant concentrations led to the formation of aggregates with amyloid-containing structures. p300/ CBP were part of these structures and found in the aggregates. Moreover, indispensable protein quality control systems including the UPS and autophagy were impaired. Aggregates could be partly resolved when p300/CBP-specific newly developed bromodomain inhibitors were applied and proteostasis restored. In addition, as glutamine residues resemble structurally to a certain extent acetylated lysine residues (Fujimoto et al., 2012) , the inhibitors were tested on pathologically elongated huntingtin. Huntington's disease (HD) is one of the polyglutamine disorders whereby in patients the polyglutamine stretch exceeds a normal range of approximately 36 glutamine residues (Walker, 2007) . Pathologically elongated huntingtin was susceptible to the p300/CBP-specific bromodomain inhibitors and the aggregates were at least partly resolved. Protein hyperacetylation can lead to impairment of the ubiquitin proteasome system, and HR23B as a proteasome shuttling factor is a sensitivity determinant for HDAC inhibition. Substrate proteins (grey) can be ubiquitinated (yellow) and HR23B can bind ubiquitinated substrate proteins via its UBA domain. HR23B then shuttles the substrate proteins towards the proteasome, where they are degraded. HR23B, which is non-covalently bound, is then recycled as well as ubiquitin. Upon HDAC inhibition, the equilibrium of HR23B acetylation is shifted towards the acetylated form and protein shuttling is impaired. This can be of significance, if misfolded proteins are targeted for degradation.
HDAC inhibitors are routinely applied in haematological malignancies and the before-mentioned results implicate a contribution of protein misfolding in HDAC inhibitor-induced cell death (Olzscha et al., 2015) .
Glycosylation
As approximately one third of all eukaryotic proteins are imported into the lumen of the ER and towards the Golgi apparatus, co-or posttranslational modifications play an important role in altering the structure and functions of these proteins. Indeed, N-glycosylation can stabilise the native state and lower the activation barrier for folding of substrate proteins. In particular, the first GlcNAc residue has the strongest influence on the stability and the kinetics of protein folding, e.g. 65% and 100% of the total N-glycan's contribution to hCD2d folding (Hanson et al., 2009) .
A paradigm for protein glycosylation and its impact on protein folding and misfolding is given by prion proteins in prion diseases. The alternative term 'transmissible spongiform encephalopathies' (TSE) refers to the pathological picture of the prion diseases, which can occur in humans and many other species. The cellular 'good' version of the prion protein PrP C can be converted to the pathologic 'bad' form PrP Sc , which is the most abundant component in the aggregates and evidently the infectious agent, although their primary sequences can be the same. Interestingly, there are reports that the concept of prions in the physiologically normal form being converted into an abnormal form of PrP SC , can be expanded to other proteinopathies, including AD, PD and HD (Pecho-Vrieseling et al., 2014; Wu et al., 2016) . Human PrP has a glycosylphosphatidylinositol (GPI) anchor and it has been shown in a recent report that N-linked glycosylation of PrP inhibits its aggregation and decreases cytotoxicity (Yi et al., 2018) . The result could lead to the conclusion that aggregation in cells is either diminished due to PrP's glycosylation and tethering to the membrane or that glycosylation changes the folding of PrP, whereby these hypotheses would not exclude each other.
It was reported in a study from 2015 that glycosylation might also impact on the processing of the amyloid precursor protein (APP) (Chun et al., 2015) . APP, playing a pivotal role in AD, is transported to the plasma membrane, where it is sequentially cleaved by α-secretase and γ-secretase. Once APP undergoes clathrin-dependent endocytosis, it can be sequentially cleaved by β-secretase and γ-secretase at endosomes, producing Aβ (amyloidogenic pathway). It was shown that O-GlcNAcylation of APP increases the non-amyloidogenic pathway and in a follow-up study it was hypothesised that O-GlcNAcylation promotes plasma membrane localization of APP and enhances the nonamyloidogenic processing of APP (Chun et al., 2015) .
With a similar synthetic protein chemistry approach as mentioned in the study (Haj-Yahya and Lashuel, 2018) in the section above, the effect of O-GlcNAcylation on α-synuclein was analysed. Different O-GlcNAcylated forms of α-synuclein were analysed showing that they had site-specific inhibitory effects on the aggregation and cellular toxicity of α-synuclein, which could be interesting for potential treatment of PD (Levine et al., 2019) .
Citrullination
Citrullination in proteins means the conversion from an arginine residue to citrulline, which has to be distinguished from the free metabolic citrulline. Citrullination in proteins is a one-way reaction; as far as we know, there is no conversion back to arginine after the release of ammonium. Proteins lose approximately one Dalton in size and a positive charge when ammonium is released. It may well be that the alteration in charge leads to the observed misfolding of various proteins.
Citrullination can be also considered as an ageingrelated PTM, as the citrullination of arginine is irreversible. It was first reported that citrullination can affect the propensity of Aβ1-42 to form amyloid fibrils in 2016. In this study, an R5Cit of Aβ1-40 and Aβ1-42 was introduced and the effect on fibrillization measured. Whereas R5Cit in Aβ1-40 did not affect the fibrillization rate, conversion of R5 into Cit in Aβ1-42 lead to an increased solubility in aqueous solutions and a slower fibril formation compared to unmodified Aβ1-42. Thioflavin T staining also demonstrated an increased fraction of soluble oligomers during the process of fibrillation (Osaki and Hiramatsu, 2016) .
Arginine residues can be both methylated and citrullinated, and they can basically compete against each other (Ghari et al., 2016) , similar to ubiquitination and acetylation on lysine residues. However, as mentioned above, citrullination is very likely not reversible, in contrast to R methylation or K ubiquitination and acetylation. A recent study revealed a more global effect of citrullination on protein aggregation, whereby citrullination may play a protective role in ALS (Tanikawa et al., 2018) . It has been demonstrated in this study that proteins with a consensus motif of RG/RGG were preferentially recognised by peptidyl arginine deiminase 4 (PAD4), a nuclear enzyme which executes the conversion of arginine to citrulline residues. The authors also explained that PAD4 competitively inhibited methylation of the motif in FET (FUS, EWS and TAF15) proteins as well as in hnRNPA1, which are linked to ALS. The aggregation of these proteins was diminished, when this motif became citrullinated by PAD4. These observations would not support the hypothesis that citrullination would generally facilitate misfolding and aggregation. However, it may be that different changes of proteins, such as mutations and different PTMs could compensate for each other.
It is well established that citrullination plays a crucial role in the pathogenesis of rheumatoid arthritis (RA) (Wegner et al., 2010) . Protein citrullination increases with ageing and is therefore not solely a hallmark of RA. However, the detection of auto-antibodies specifically recognising citrullinated proteins can be noted as a pathognomonic sign of RA. For instance, they are not characteristic for osteoarthritis and are already used as a biomarker to detect and predict RA. On average, 80%-90% of RA patients produce anti-citrullinated peptide antibodies (ACPAs), indicating that a structural change of proteins with aberrant citrullination patterns might be recognised (Sakkas et al., 2014) . Genetic predispositions such as different HLA-DRs may alter the risk of developing autoantibodies (van der Helm-van Mil et al., 2006) . It may be that a certain subset of proteins misfold upon citrullination and induce an immune response, recognised by antibodies which might be also differently glycosylated (Rombouts et al., 2016) .
Proteolytic cleavage
It is somehow astonishing that the various misfolding and aggregating proteins contributing to human proteinopathies are extremely heterogenous in their sequence, even though some of them can adopt the amyloid fold. However, many of the aggregating proteins are very short and it would be even appropriate to term their aggregating parts as polypeptides (Knowles et al., 2014) . Many proteins involved in proteinopathies are posttranslationally processed, i.e. cleaved, and misfolded in their shortened version. It has been briefly mentioned above that Aβ is the product of cleavage and depending on the involved secretases, this toxic short peptide with 40-42 amino acid residues emerges from its precursor protein APP (Steiner et al., 2008) .
Beyond the APP cleavage and release of Aβ, there are other causative proteins in proteinopathies which must be cleaved to exert their function or dysfunction. One example is again the already above-mentioned huntingtin and other polyQ proteins. It has been demonstrated by several groups that huntingtin can be cleaved by caspase-3 and -6, leading to an enhanced aggregation propensity by the generated fragments (Graham et al., 2006; Aharony et al., 2015) . In addition, caspase inhibitors could reduce the toxicity of pathologically elongated huntingtin and also have a lower ability to form aggregates. Likewise, huntingtin mutants resistant to caspase-3 and -6 cleavages with an elongated polyQ stretch displayed reduced toxicity in stressed neuronal cells. Thus, caspase inhibition could have a potential therapeutic benefit in HD (Aharony et al., 2015) .
Haemodialysis-related amyloidoses (HDRA) are of interest with regard to proteolysis and cleavage. HDRA are examples of iatrogenic diseases occurring during long-term haemodialysis in which β2-microglobulin (β2m) has been detected as the causative protein producing amyloid fibrils (Gejyo et al., 1985) . The disease strikes in patients with dialysis and those undergoing all types of renal replacement therapy. The amyloidoses can be also classified as systemic amyloidoses, although most of the amyloid material aggregates in the joints. Amyloid material biopsied from joints of these patients consists of full-length wild-type β2-microglobulin, but also cleaved species and other PTMs have been identified (Linke et al., 1986) . Generated cleavages of 7-99 truncated forms of β2m revealed that it has a strong propensity to aggregate, and these species were detected in up to 30% of biopsies (Bellotti et al., 1998; Relini et al., 2008) . The cleavage does not only occur in patients, it is believed to induce the activation of lymphocytes as a response to MHC I binding in general (Nissen et al., 1990 ).
Conclusion and discussion
Over the last decade, it has become clear that posttranslational modifications can profoundly alter the structure and folding of proteins, and very often contribute to misfolding with subsequent aggregation. However, a PTM for a given protein is not necessarily the sine qua non for misfolding, as the example of Htt demonstrates. In this case, aggregation is possible with the full-length huntingtin containing the pathologically elongated polyQ stretch, but can be enhanced upon cleavage by caspases. It may also serve as an example how the aggregation process can be accelerated.
As mentioned, many of the underlying proteins in proteinopathies do not share a common sequence motif or homology. However, many of them are relatively short, sometimes because of proteolytic cleavage, and many of them contain one or more IDRs. That leads to the question of whether the already fragile proteins with IDRs are more likely to be destabilised by PTMs and whether PTMs do occur more often in IDRs. These questions may even lead to a new classification of PTM groups, where these modifications are being either associated with structured regions or with IDPs (Xie et al., 2007) . It might be that the IDRs are more susceptible to PTMs, for instance in competing with writers, and are consequently in more danger of misfolding.
As described in the section 'protein folding, misfolding and aggregation', evolution seemed to have selected against protein misfolding. But why do organisms then face proteinopathies? Why did proteins such as Aβ, Tau or huntingtin escape the selection? Partly, some of these questions may be explained by the ageing-related aspect of the diseases. The age of onset is very often in the 40s or beyond, when proteostatic capacities decline. It is therefore unlikely that evolution will eradicate protein misfolding in humans, as they become manifest after the reproduction phase, and the same applies for aberrant PTMs as in Tau.
Another interesting topic are prions. PrPs can be glycosylated and this may also contribute to misfolding and the strain aspect. Some may also argue that the conversion of structure from benign to toxic can be seen as a PTM. This conversion occurs non-enzymatically yet needs templates to be exerted. In line with this view, conventional PTMs such as acetylation or citrullination, which strongly impact on protein structure, can eventually act as 'drivers' for the conversion of proteins with prion-like properties.
It also remains unclear how molecular chaperones generally deal with PTMs, and how aberrant PTMs contribute to protein misfolding in particular. Some aspects of client recognition by molecular chaperones are described in section 'protective mechanisms and protein quality control', and it could be that hydrophobic stretches flanked by positively charged amino acid residues are recognised in a different way or are even not recognised. This could contribute to misfolding, where PTMs are involved.
Many potential treatment options have been put forward to cure proteinopathies. However, and this is especially true for neurodegenerative diseases, there are so far only symptomatic treatments routinely applied, whereas curative or disease-modifying treatments failed. It may be argued that it should not even be distinguished between symptomatic treatments and disease-modifying treatments (Doody, 2008) . Again, the ageing aspect has to be taken into account, when proteins begin to misfold. It may already be too late to begin treatment, as shown in hundreds of clinical trials, for instance with antibodies targeting the misfolded proteins, to inhibit their processing or cleavage of the precursors such as gamma secretase inhibitors, to prevent aggregation or reduce inflammation (https://clinicaltrials.gov/). Interestingly, drugs which increase the proteasome workload and those which inhibit the proteasome such as bortezomib can have synergistic effects and are routinely used in treatment of multiple myeloma. Besides genomemodifying treatments where ethical aspects have to be considered and RNA interference (RNAi), an increase of the protein quality control capacity could be another suitable therapeutic approach. The usage of proteolysis targeting chimeras (PROTACs), consisting for instance of cereblon, opens exciting possibilities to interfere with protein quality control machineries (Huang and Dixit, 2016) . However, as these systems are interconnected, it is likely that all systems need to be equally targeted. Also, there should be different treatment options for different patients and different mutations, in order to fulfil the 'ultimate aim of personalised medicine, to define the right drug for the right patient at the right time' . It has been demonstrated for molecular chaperones and autophagy that core components can be upregulated, and even for the UPS some individual components can be increased. However, it is yet to be proven whether this can be executed in a tissue-specific, concerted manner.
